In this paper, we critically evaluate the quality of epidemiological evidence on hip osteoarthritis and workload published so far. The influence of study quality on risk estimations was analyzed in sensitivity meta-analyses and meta-regression analyses. Comprehensive searches for epidemiological studies of hip osteoarthritis and occupational workload were performed in literature databases and current reviews. All studies were assessed on the basis of study design, defined quality scores, and relevant confounders considered. In total, 34 suitable studies were identified for critical evaluation. Of these, 20 are prevalence studies and 14 incidence studies. Strong heterogeneity is observed in study design, quality level, and estimated exposure parameters. A consistent positive association between heavy physical workload and hip osteoarthritis was observed only among the male populations, not among the female populations. In general, cohort studies provided lower effect estimates than cross-sectional and population-based case-control studies. Studies with high quality scores also produced lower effect estimates than studies with low quality scores. Consideration of BMI as a confounder in published studies also yielded lower effect estimates than studies without consideration of BMI as a confounder. Our analyses indicate that high-quality studies of the association between occupational workload and hip osteoarthritis provide lower effect estimates than studies of lower quality.
Introduction
Osteoarthritis (OA), a degenerative disorder of the joint cartilage and its underlying bone, is the most prevalent joint disease. OA of the hip produces significant morbidity and is a major public health problem throughout the world [1] . Clinical and epidemiological studies of hip OA have revealed a series of etiological factors including both localized factors (such as malformations or joint injuries) and systemic factors (such as being overweight, race, sex, or metabolic diseases) [1] . As a relevant modifying risk factor for hip OA, occupational workload has long been a subject of epidemiological studies. In 2012, we published a systematic review of epidemiological evidence for workload as a risk factor for hip OA [2] . This review indicated that long-term heavy lifting and standing could increase the risk of hip OA. However, the quality difference between the underlying studies may
•
Studies did not address the topic, or address non-idiopathic hip osteoarthritis • Absence of occupational exposure data • Studies did not provide 95% CI for effect estimates
Only one of the studies published before 2010 found through cross-referencing met the selection criteria and was included in this meta-analysis [15] . Finally, a total of 33 relevant studies, including the studies of our previous review, were used for this meta-analysis. We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement for reporting all outcomes of our meta-analysis (Table S2) .
Classification of Type of Studies for Evidence Comparison
The evidence level of epidemiological studies depends on a series of methodological issues, such as design, sample size, exposure assessment methods, relevant confounders considered, diagnostic criteria, statistical analysis methods used, and so on. For a quality-based comparison of study findings, we divided the evidence published to date into two main groups: prevalence studies (cross-sectional and prevalence case-control studies) and incidence studies. Incidence is a direct measure of risk. In contrast, prevalence often represents a proxy measure of risk, since prevalence depends not only on the risk of diseases, but also on their duration, which is often not readily measurable. Incidence studies therefore generally provide more robust evidences of risk estimation than the prevalence studies. For methodological reasons, a pooling of incidence and prevalence studies is therefore not recommended. According to the hierarchical order in epidemiology, cohort studies (including nested case-control studies) generally provide higher evidence levels than population-based case-control studies. We further divided the incidence studies into a subgroup of cohort studies (including nested case-control studies) and a subgroup of population-based case-control studies.
Classification of Quality Level of Published Studies
Each study identified in this paper was evaluated according to the quality of its case ascertainment (diagnosis criteria) and exposure assessment methods used, as shown in Tables 1 and 2 respectively. These classification schemas have already been published in our previous review [2] . Quantitative specification of exposure in different work activities/physical strains with information on intensity (e.g., load weight steps) and duration 3
Quantitative specification of exposure (as above) with additional plausibility check (e.g., information on daily work output or special controls through video analysis) 4
Quantitative, measured exposure with quantitative assessment or modeling of hip joint strain 5 * Score 1-low quality; score 5-high quality.
Statistical Analysis
The summarized effect estimates (relative risk (RR) and odds ratio (OR)) of the relevant studies were quantified via meta-analysis. Two types of exposure parameter were considered in the analysis: heavy lifting (heavy lifting, heavy load handling, and heavy physical work) and farming. Only the highest category of occupational exposures in each study was considered in the meta-analyses. The influence of study quality on the size of effect estimates of occupational workload were assessed by meta-analysis stratified by various type of studies and their quality levels, and additionally by meta-regression analysis.
Meta-analysis was conducted via use of the inverse variance heterogeneity model (IVhet) with the software package Meta XL, version 5.3 (EpiGear International, Sunrise Beach, Australia). I 2 was used to present the heterogeneity of individual studies within a meta-analysis. Usually, an I 2 value of 25%, 50%, and 75% was used to represent low, moderate, and high heterogeneity, respectively. High heterogeneity indicates that the individual study findings are inconsistent [16] .
Meta-regression analysis was carried out by using random-effects mixed models with the inverse-distance weighted methods with the software package Stata 13. Log OR/RR was used as the dependent variable in the model. Type of study, quality score of exposure assessment and case ascertainment methods, confounders considered in published studies, and sex were used as independent variables in the model.
Results
We identified 52 relevant articles in the library of our previous review [2] and 33 new studies via the literature searches for the time interval between 2010 and 2017 and by additional searches. A description of the study design, sample size, quality level (with consideration for case ascertainment, exposure assessment methods and important confounders), and effect estimates (RR/OR) of these studies is shown in Table 3 . Twenty-three of these effect estimates were stated for men, one for women, and 10 for both sexes with adjustment for sex. A description of the study design, sample size, quality level (with consideration for case ascertainment, exposure assessment methods and important confounders), and effect estimates (RR/OR) of these studies is shown in Table 3 . Twenty-three of these effect estimates were stated for men, one for women, and 10 for both sexes with adjustment for sex. Twenty of these studies are prevalence studies (8 cross-sectional and 12 prevalence case-control studies), and 14 are incidence studies (11 cohort and 3 population-based case-control studies). Strong heterogeneity is observed between these studies in their study design, quality level, and estimated exposure parameters. Since one study did not provide a 95% CI for the effect estimate [28] , it was not considered in this meta-analysis. Figures 2 and 3 show the summarized effect estimates of "heavy lifting" (heavy lifting, heavy load handling and heavy physical work) on hip OA among all prevalence and incidence studies, respectively. Twenty of these studies are prevalence studies (8 cross-sectional and 12 prevalence case-control studies), and 14 are incidence studies (11 cohort and 3 population-based case-control studies). Strong heterogeneity is observed between these studies in their study design, quality level, and estimated exposure parameters. Since one study did not provide a 95% CI for the effect estimate [28] , it was not considered in this meta-analysis. Figure 2 and Figure 3 show the summarized effect estimates of "heavy lifting" (heavy lifting, heavy load handling and heavy physical work) on hip OA among all prevalence and incidence studies, respectively. The summarized effect estimate of the prevalence studies was 2.00 (95% CI: 1.34-2.99), and that of the incidence studies was 1.47 (1.02-2.11). Both analyses indicated a strong heterogeneity of individual study findings within the prevalence studies (I 2 = 76%) and incidence studies (I 2 = 75%).
The same analyses were also carried out for the exposure parameter of "farming." The summarized effect estimates of farming for hip OA were 4.74 (95% CI: 2.84-7.89) for the prevalence studies ( Figure 4 ) and 2.34 (95% CI: 1.55-3.53) for the incidence studies ( Figure 5 , cohort studies only). Twenty of these studies are prevalence studies (8 cross-sectional and 12 prevalence case-control studies), and 14 are incidence studies (11 cohort and 3 population-based case-control studies). Strong heterogeneity is observed between these studies in their study design, quality level, and estimated exposure parameters. Since one study did not provide a 95% CI for the effect estimate [28] , it was not considered in this meta-analysis. Figure 2 and Figure 3 show the summarized effect estimates of "heavy lifting" (heavy lifting, heavy load handling and heavy physical work) on hip OA among all prevalence and incidence studies, respectively. The summarized effect estimate of the prevalence studies was 2.00 (95% CI: 1.34-2.99), and that of the incidence studies was 1.47 (1.02-2.11). Both analyses indicated a strong heterogeneity of individual study findings within the prevalence studies (I 2 = 76%) and incidence studies (I 2 = 75%).
The same analyses were also carried out for the exposure parameter of "farming." The summarized effect estimates of farming for hip OA were 4.74 (95% CI: 2.84-7.89) for the prevalence studies ( Figure 4 ) and 2.34 (95% CI: 1.55-3.53) for the incidence studies ( Figure 5 , cohort studies only). The summarized effect estimate of the prevalence studies was 2.00 (95% CI: 1.34-2.99), and that of the incidence studies was 1.47 (1.02-2.11). Both analyses indicated a strong heterogeneity of individual study findings within the prevalence studies (I 2 = 76%) and incidence studies (I 2 = 75%).
The same analyses were also carried out for the exposure parameter of "farming." The summarized effect estimates of farming for hip OA were 4.74 (95% CI: 2.84-7.89) for the prevalence studies (Figure 4 ) and 2.34 (95% CI: 1.55-3.53) for the incidence studies ( Figure 5 , cohort studies only). The analyses also indicate strong heterogeneity between the individual study findings published to date (I 2 = 68% among prevalence studies and I 2 = 96% among cohort studies).
The analyses also indicate strong heterogeneity between the individual study findings published to date (I 2 = 68% among prevalence studies and I 2 = 96% among cohort studies). In order to assess the influence of study quality on the published epidemiological evidences of the association between heavy occupational workload and hip OA, we carried out a sensitivity metaanalysis for all published studies using different combinations of quality levels and for different types of study, as shown in Table 4 .
Independently of the exposure parameters assessed and the type of study, combinations of high quality scores showed lower effect estimates (Table 4) . Cohort studies (including nested case-control studies) yielded lower effect estimates than cross-sectional and population-based case-control studies. The heterogeneity of individual study findings decreased with increasing quality level (File S2 contains the forest plots of all meta-analyses carried out in Table 4 ).
We also conducted the sensitivity meta-analyses separately for men and women. Results for males are summarized in Table 5 and for females in Table 6 . 
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We also conducted the sensitivity meta-analyses separately for men and women. Results for males are summarized in Table 5 and for females in Table 6 . In order to assess the influence of study quality on the published epidemiological evidences of the association between heavy occupational workload and hip OA, we carried out a sensitivity meta-analysis for all published studies using different combinations of quality levels and for different types of study, as shown in Table 4 .
We also conducted the sensitivity meta-analyses separately for men and women. Results for males are summarized in Table 5 and for females in Table 6 . In total, 23 effect estimates were available for men and 13 for women. Among male populations (Table 5) , all types of study demonstrated a consistent and statistically significant association between heavy physical workload and hip OA. However, the effect estimates of high-quality prevalence (OR = 2.74, 95% CI: 1.51-4.96) and incidence case-control studies (OR = 2.84, 95% CI: 1.91-4. 22) were approximately twice as high as those of cohort studies (OR = 1.33, 95% CI: 1.19-1.50) ( Table 5) . Among the prevalence studies for males, no influence of study quality on the size of effect estimates was observed. However, among cohort studies, high-quality studies yielded the lowest effect estimates (Table 5 ). For the exposure parameter of "farmer," higher-quality studies also yielded much lower effect estimates than those of lower-quality studies (Table 5) . Similarly, the effect estimates of prevalence studies (OR = 3.85, 95% CI: 2.06-7.21) are much higher than those of cohort studies (OR = 2.34, 95% CI: 1.54-3.54) ( Table 5 ). Forest plots of all meta-analyses carried out in Table 5 are shown in File S3.
Among female populations, a statistically significant association between heavy physical workload and hip OA was not observed in any type of study ( Table 6 ). The influence of study quality on risk estimations could not therefore be examined among female populations. Female farmers appeared to have an increased risk of hip OA (OR = 1.22, 95% CI: 1.12-1.33) (Table 6 ). However, only two studies with the same quality level were available. Forest plots of all meta-analyses carried out in Table 6 are shown in File S4. Table 7 demonstrates the results of meta-regressions of all 22 studies available for "heavy lifting" and 13 studies for "farming." Table 7 . Results of meta-regressions of all published studies. Overall, meta-regressions consistently demonstrated that cohort studies yielded lower effect estimates than cross-sectional and population-based case-control studies (Table 7) . Studies with higher quality scores (case ascertainment and exposure assessments methods) produced lower effect estimates than studies with lower quality scores (Table 7) . Similarly, studies with consideration of BMI as a confounder in the analysis provide lower effect estimates in general than studies without consideration of BMI as confounder. However, consideration of prior injury as a confounder may lead to either an increased or a decreased effect size of occupational workload on hip OA.
Discussion
The objective of this analysis was not to discuss possible effect estimates for the association between heavy occupational workload and hip OA, but rather to discuss an important methodological issue that may have a strong influence on the interpretation of epidemiological evidences published to date.
The association between heavy occupational workload and hip OA has been reported consistently in the scientific literature, but the size of effect estimates and the specific occupational activities reported as increasing risk vary tremendously between studies. A previous review indicated that studies with low quality scores tended to report higher effect estimates than studies with high quality scores [50] . However, this hypothesis was based only on certain empirical observations, without detailed analysis.
In this analysis, we sought to prove whether this hypothesis was justified in a sensitivity meta-analysis and meta-regression analysis of 33 studies identified in a systematic literature review. Although a number of quality criteria (design, sample size, case ascertainment methods, exposure assessment methods, and important confounders considered) were assessed in this review, not all of them could be considered in the sensitivity meta-analyses and meta-regression analyses, owing to the limited number of studies.
In addition to the differences in design and quality level, consideration of sex in individual studies made a comparison of study findings difficult. For example, of the 34 studies identified, 11 were carried out among male populations [15, 20, 21, 27, 36, 39, 40, 42, 43, 45, 46] , one among a female population [47] , and 22 among mixed-sex populations [17] [18] [19] [22] [23] [24] [25] [26] [28] [29] [30] [31] [32] [33] [34] [35] [37] [38] [39] 41, 44, 48, 49] . Of the 22 studies with mixed-sex groups, effect estimates were stated separately for men and women in only 12 studies. In the other 10, effect estimates were only adjusted for sex, and not stratified. This yielded a total of 23 effect estimates for male populations, 13 for female populations, and 13 for populations of both sexes. We decided to focus our analyses primarily on male populations. Therefore, 23 effect estimates stated in Table 3 are for male populations, one for a female population, and 10 for populations of both sexes. The results of sensitivity meta-analyses presented in Table 4 and meta-regression analyses presented in Table 7 were based on the effect estimates stated in Table 3 .
To avoid any possible bias due to the sex differences in Table 4 , we also carried out the sensitivity meta-analyses separately for men and women and meta-regression analyses adjusted for sex. The findings of our analyses indicated that no association exists between heavy occupational workload and hip OA among the female populations. There was therefore no need to carry out sensitivity meta-analyses among the female populations. Female farmers appeared to have an increased risk of hip OA. However, the influence of study quality on this association could not be examined due to the limited number of only two studies.
Among the male populations, a consistent association between heavy physical workload and hip OA was observed for all types of study. However, studies of high-evidence design (cohort and nested case-control studies) showed only half the effect estimates of the studies of low-evidence design (cross-sectional and population-based case-control studies). This phenomenon was demonstrated consistently for the two exposure parameters (heavy physical workload and farmer) estimated, and in both meta-analyses and meta-regressions. The combination of high quality scores appeared to have less influence on the size of effect estimates (for exposure parameter "heavy physical workload") in the prevalence studies (Table 5 ). However, among cohort studies, studies with high quality scores still produced lower effect estimates than studies with lower quality scores. In this context, we must emphasize that one cohort study [29] with lower quality scores was not considered in the analyses presented in Table 5 , since it provided effect estimates only for both sexes together. The effect estimate for men can be expected to be even higher. Had this study been considered in Table 5 , the trend would be much clearer. For the exposure parameter "farmer," studies with higher quality scores showed lower effect estimates than studies with lower quality scores; this was true for all types of studies. The same findings could also be demonstrated in the meta-regression analyses among all studies adjusted for sex (Table 7) . Interestingly we found in the meta-regressions that adjustment of BMI as a confounder in published studies yielded lower effect estimates in general than studies without consideration of BMI as a confounder. This indicates a positive association between occupational workload and BMI among heavy physical workers in published studies. In contrast, prior injury could either be positively or negatively associated with occupational load or the type hip OA (unilateral und bilateral). Therefore, adjustment of prior injury as a confounder in published studies may either positively or negatively influence the effect estimates of occupational workload.
Exposure assessment is the most important and difficult part in occupational epidemiological studies, particularly for exposure-response estimation. Although heavy occupational workload is of major concern in this analysis, the use of different exposure parameters, jobs, or activities in individual studies makes summarization of the effect estimates difficult. Besides heavy lifting and load handling, effect estimates were also stated in some studies for work walking, work standing, stair climbing, crawling, and so on. Since for most exposure parameters and jobs, the number of studies was too small to permit detailed analysis, we limited the sensitivity meta-analyses and meta-regressions to only two exposure parameters, namely "heavy lifting" (heavy lifting, heavy load handling and heavy physical work) and "farming." These two exposure parameters were selected solely owing to the relatively large number of published studies in which they are included. The results of the sensitivity meta-analyses and meta-regressions performed with these two exposure parameters demonstrated the consistent finding that high-evidence design studies (cohort and nested case-control studies) produced lower effect estimates than low-evidence design studies (cross-sectional and population-based case-control studies). Studies with high quality scores (case ascertainment and exposure assessment methods) also report lower effect estimates than studies with low quality scores.
In the present meta-analyses, we found the heterogeneities of many individual studies to be very high (I 2 > 50%). This suggests systematic differences between the individual studies. One reason could be the different ways of defining exposure parameters and the use of a reference group in the analysis. In this review, we defined five quality levels for exposure assessment methods. The best exposure assessment score we found among the studies reaches only level 3, which underlines the need for further improvement in exposure assessment methods in well-designed epidemiological studies (cohort and nested case-control studies).
Conclusions
Overall, our analyses indicate that high-quality studies on the association between heavy occupational workload and hip osteoarthritis generally yield lower effect estimates than studies of poor quality. Due to the high heterogeneity of individual findings published (even among the well-designed studies) and limited number of high quality studies, a conclusive statement on the effect size of the association between heavy occupational workload and hip osteoarthritis should be made with caution. For future research, we see a strong need for better designed studies with large sample sizes, objective exposure assessment methods (active biomechanical measurement for jobs combined with an objective job-exposure-matrix), and valid case ascertainment and sufficient control of relevant confounders. Regulatory decision-making on the management of work related hip osteoarthritis should be based mainly on evidence of well-designed, high-quality studies.
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